For more than a century immunologists and vaccinologists have existed in parallel universes.
Introduction
Vaccines offer a practical and ethical way to perturb the immune system in humans. Infections, autoimmunity and cancers also perturb the immune system, but vaccination alone allows an exquisitely synchronized perturbation, in which the precise moment of immune stimulation can be known. This, together with the ability to obtain frequent blood samples from several minutes to several decades after vaccination, permits a detailed study of the kinetics of innate and adaptive responses. Since vaccines are administered to billions of people globally, and represent a wide spectrum of immunological stimuli ranging from live viruses and bacteria to recombinant proteins, they offer unique opportunities to probe the immune system with diverse stimuli. In addition to their enormous public health impact, many successful vaccines stimulate very robust antigen-specific T cells, and antibody responses that can persist a lifetime; however the mechanisms by which they do so remain largely unknown. Learning how to stimulate such robust and persistent immune responses in the context of vaccines against global pandemics such as HIV, malaria or TB represents a critical challenge in vaccinology. Yet, for over a century, we immunologists have done little to seize these opportunities.
Recent advances have begun to use vaccines as tools to probe the molecular and cellular networks orchestrating the immune response in humans, and such studies are beginning to yield novel insights about the immune system. These advances have relied largely on reductionistic approaches that aim to delineate a specific axis of interactions and study it in isolation from the confounding factors presented by the micro-(site, tissue) and macro-(organism and it's history) environment. Such reductionist approaches have been spectacularly successful in guiding biological sciences for more than a century. In the past five years however, immunologists have begun to apply high throughput technologies such as transcriptomics and metabolomics to make systems wide measurements of immune responses, and use computational approaches to identify molecular signatures induced within a few days of vaccination, that correlate with and predict subsequent adaptive immune responses [1] [2] [3] (Figure 1 ). Several years ago, we [1] , and Sekaly and colleagues [2] , applied such a systems approaches to studying the innate and adaptive responses to vaccination with the live attenuated yellow fever vaccine (YF-17D), one of the most effective vaccines ever made. In order to identify signatures induced early after vaccination, which could be used to predict the magnitude of the later antigen-specific CD8+ T cell and neutralizing antibody responses to the vaccine. This study provides proof of concept evidence that systems approaches could indeed be used to identify early "signatures" that could predict the later immunogenicity of the vaccine. Subsequently, we extended this approach to identifying predictive signatures for the seasonal influenza vaccine [3] , and, this approach is now being used to study immune responses to vaccines, by several groups, including our group [4] [5] [6] [7] [8] .
Such studies involve collection of data on the magnitude and kinetics in global gene expression profiles, microRNA profiles and metabolomics profiles in peripheral blood mononuclear cells, shifts in compositions of cellular subtypes (FACS), data on cytokine profiles in peripheral blood, as well as antigen-specific T cell response data, and antigenspecific antibody titers ( Figure 1 ). Together, these data provide an unbiased and detailed assessment of the state of immune system at various time points after vaccination. A key feature of such studies is the ability to discern the early molecular signatures that act as early markers of the downstream events. A variety of computational methods have been developed to identify early transcriptional signatures that correlate with, and predict, downstream factors that are known to serve as correlates of immune protection (Figure 1 ). Such studies have begun to yield novel insights about the mechanisms that control immune responses to vaccines. This interdisciplinary approach to the host's response to the vaccine has been coined the systems vaccinology approach [9] [10] [11] [12] . In this review, we highlight some key immunological lessons that are emerging from such studies.
What we are learning about viral immunity from studying human vaccines
What is now becoming increasingly clear is that many human vaccines induce robust adaptive immunity by triggering the receptors and cells of the innate immune system. The Nobel Prize in Physiology or Medicine 2011 was divided, one half jointly to Bruce A. Beutler and Jules A. Hoffmann "for their discoveries concerning the activation of innate immunity" and the other half to Ralph M. Steinman "for his discovery of the dendritic cell and its role in adaptive immunity (Nobelprize.org -http://www.nobelprize.org/nobel_prizes/ medicine/laureates/2011/). The discovery of Toll-like receptors (TLRs) and dendritic cells (DCs), and the vital roles they play in sensing pathogens and tuning immune responses has provided a paradigm for how the innate immune system first recognizes pathogens [13] [14] [15] [16] [17] [18] . In this paradigm, the innate immune system has the ability to detect components of viruses, bacteria and parasites through evolutionarily conserved receptors known as patternrecognition receptors (PRRs). Such receptors include the TLRs, (of which 13 have been described in mammals), which are expressed on the surface and within the endosomal compartments of cells such as DCs. TLRs represent only one such family of receptorsother PRR families include the cytosolic RIG-I like receptors, which sense viral nucleic acids, and the C-type lectin like receptors and NOD-like receptors which sense diverse stimuli from viruses and microbes. Such PRRs are expressed by several different subsets of cells, including DCs and immune response triggered by a virus or microbe is an integrated function of all the PRRs that it triggers, as well as the types of DCs activated [13] [14] [15] [16] [17] [18] . These issues have been reviewed extensively and are only mentioned here. Despite the plethora of knowledge, the question of the extent to which any of the licensed human vaccines activate these receptors and cell types, and if so whether such activation was essential for the induction of adaptive immunity remained unanswered. A few years ago, we began to address this, using the live attenuated yellow fever vaccine 17D (YF-17D) as a model [19] [20] [21] .
The yellow fever and the seasonal influenza vaccines
The live attenuated yellow fever vaccine 17D (YF-17D) is one of the most successful vaccines ever developed, having an efficacy of greater than 90%, and having being administered to more than 600 million people globally [9, 22, 23] . The vaccine consists of a positive single stranded RNA virus, which was developed by Max Theiler at Rockefeller. The Asibi strain of the yellow fever virus, which was isolated from an infected individual (Mr. Asibi) in West Africa in 1927 and subsequently passaged in rhesus monkeys, served as the starting material for the vaccine development effort [24] . This Asibi strain was attenuated by passing it more than 200 times, first in mouse brain and mouse embryo tissue culture to reduce its viscerotropism, (which can lead to hepatic and renal failure and hemorrhage), and next in chicken embryo and chicken embryo tissue culture with the brain and spinal cord removed to attenuate its neurotropism [9, [22] [23] [24] . This work culminated in the 1937 Journal of Experimental Medicine paper in which YF-17D was first used in human volunteers, including the authors, and shown to induce neutralizing antibodies [25, 26] . In 1945 the World Health Organization organized the establishment of two sub-strain seed lots of this vaccine: 17DD, which is used in South America, and 17D-204, which is used in the majority of the rest of the world. The Nobel Prize in Physiology or Medicine 1951 was awarded to MaxTheiler "for his discoveries concerning yellow fever and how to combat it" (http://www.nobelprize.org/nobel_prizes/medicine/laureates/1951/). Remarkably, a single subcutaneous injection of the vaccine results in very robust antigen-specific CD8+ T cells [9, 19, 22, 23, 27] , and a balanced Th1/Th2 responses and neutralizing antibody responses that can last several decades [9, 22, 23] (Figure 2 ). Vaccination with the yellow fever vaccine causes a systemic acute viral infection, and the fact that most individuals in developed countries have not been exposed to yellow fever provides an attractive model to study innate and adaptive responses to a primary viral challenge.
Two types of vaccines for seasonal influenza are licensed for use in the USA: trivalent inactivated influenza vaccine (TIV), given by intramuscular injection; and live attenuated influenza vaccine (LAIV), administered intranasally [28] . These vaccines are derived from three strains of influenza viruses, which are negative single stranded RNA viruses. TIV is made from influenza viruses grown in the allantoic cavities of embryonated chicken eggs, and subsequently inactivated by formalin, and purified to remove egg-derived contaminants [29, 30] . The monovalent vaccines are combined to formulate the final trivalent bulk vaccines. Although the resulting whole-virus vaccines are still used in some countries, most vaccines manufactured since the 1970s have been the so called "split" or sub-virion vaccines. Split vaccines are less reactogenic than the whole virus vaccines, and are prepared by disrupting the viral lipid envelope using a detergent. The LAIV, (also known as "coldadapted" influenza vaccine) were produced by first isolating the two "backbone" viruses (ca A/Ann Arbor/6/60 (H2N2) (A/AA ca) and ca B/Ann Arbor/1/66 (B/AA ca)) from infected individuals, and then growing these viruses at successively lower temperatures in primary chick kidney cells to obtain viruses that grew efficiently at 25° C as they did at 33° C [31] . Clones of these two viruses was isolated by serial plaque-to-plaque purifications. This viruses grew well at 25° C, and its replication was reduced by at least 100-fold of the median tissue culture infective dose (TCID 50 ) at 39° C, and was attenuated behavior ferrets. The vaccine viruses are then generated by classical reassortment, by coinfection with vaccine donor viruses and wild type influenza viruses. Alternatively reverse genetics techniques can be used. The resulting recombinant virus contains six internal gene segments of the vaccine strain combined with the two antigen-encoding gene segments, HA and NA.
The widespread use of TIV and LAIV during every influenza season provides ample opportunities to perform clinical studies. However there are several immunological challenges with the influenza vaccines. First, unlike the case with YF-17D, adults have been pre-exposed to influenza viruses or vaccines, and thus have pre-existing immunity to influenza. So vaccination results in a recall response, and thus the extent to which preexisting antibody derived from prior infection or vaccination, influence immunity to a subsequent vaccination, and contribute to protective immunity remains poorly understood. In this context, a recent study demonstrates that pre-existing influenza specific CD4+ T cells correlate with protection against influenza challenge in humans [32] . Second, the viral strain is usually changed annually on the basis of the results of global influenza surveillance data [33] . The efficacy of a vaccine against influenza, therefore, depends on the match of antigenicity between the vaccine and circulating influenza strains [34] . Furthermore, the extent to which the so-called "antigenic drift" (caused by accumulation of mutations within the genes that code for antibody binding sites, resulting in a new strain of virus which cannot be inhibited as effectively by the antibodies that were originally targeted against previous strains [35] , versus "antigenic shift" (caused by two or more different strains of the virus combining to form a new subtype having a mixture of the antigens of the two or more original strains [35] ), impacts on the innate signatures induced by vaccination remains unknown. Additionally, other factors such as the age and immunocompetence of vaccinees contribute to mechanisms that mediate the efficacy of vaccines against influenza [36] .
Insights into innate responses to vaccination
Several years ago we began to study YF-17D, with a view to learning new insights about the mechanisms by which it stimulates such effective immunity. The model system provided by this "gold standard" vaccine proved to be instructive. To our surprise we observed that this vaccine was able to trigger activation of both myeloid dendritic cells (DCs) and plasmacytoid DCs, via several different Toll-like receptors (TLRs), including TLRs 2, 7, 8 and 9 [19] and TLR3 (unpublished), as well as the cytosolic nucleic acid sensing receptors RIG-I and MDA 5 [1] (Figure 2 ). Interestingly, mice deficient in MyD88, an adaptor protein critical for signaling via all TLRs except TLR3, were severely impaired in antigen-specific CD8+ and CD4+ T cells that produced interferon-gamma (IFNγ) in response to vaccination with YF-17D, whereas mice deficient in TLR2 displayed strikingly enhanced responses. This demonstrated that YF-17D mediated TLR2 activation resulted in a regulation of Th1 and Tc1 responses, consistent with several previous reports demonstrating a regulatory role for TLR2 in several different settings [37] (Figure 2 ). In addition to the CD4 stimulatory cascade, a parallel chain of signal transduction occurs in plasmacytoid DCs, mediated by the TLR7/9 -mTOR axis ( Figure 2 ). This signaling cascade culminates in the secretion of type I interferons, which stimulate the unfolding of the cytotoxic T cell response [38] . Consistent with this, the transcriptional signatures induced by vaccination of humans with YF-17D reveals a very robust signature comprising of a network of genes orchestrating type I IFN signaling and anti viral immunity [1, 2] . Therefore, it appears that it is this broad spectrum of the channels through which the sensory signals are amplified within the antigen-sensing cells, that results in the broad spectrum of stimulatory messages that are been sent to the naïve T cells, resulting in potent stimulation of humoral and cytotoxic responses.
There is relatively little data on how the seasonal influenza vaccines trigger PRRs and DC subsets. Vaccination with the inactivated whole virus requires TLR7-mediated production of type I interferons by plasmacytoid DCs for its immunogenicity [39] . Furthermore, the immunogenicity of the whole inactivated vaccine against H5N1 influenza is dependent on MyD88-dependent TLR7 signaling [40] . Consistent with this, vaccination of humans with LAIV induces a robust type I IFN anti viral transcriptomic signature in the blood [3] , and vaccination with TIV also induces some type I IFN genes, as well as genes encoding pro inflammatory mediators [3, 8] . Pathogenic influenza viruses activates plasmacytoid DCs via TLR7 and myeloid DCs through the adaptor IPS-1, which signals downstream of RIG-I [41] . Infection of mice deficient in MyD88 and IPS-1, results in reduced innate responses. Antigen-specific antibody responses and CD4 + T cell responses are MyD88 dependent but are not dependent on IPS-1. In contrast, induction of antigen-specific CD8 + T cell responses is normal in MyD88-or IPS-1-deficient mice. It is not clear whether LAIV or TIV trigger the same PRRs.
Insights into the mechanisms controlling antibody responses
Vaccination with YF-17D induces robust neutralizing antibodies that can last for 30-40 years ( Figure 2 ) [42] . Similarly, in people who received the smallpox vaccine, vacciniaspecific serum antibody titers, measured by ELISA, were very stable up to 75 years after vaccination, and based on a correlative analysis between the ELISA binding titers and neutralizing antibody titers, at least 50% of the vaccinees had neutralizing titers that were greater than 1:32 [43] , which is estimated to be the half maximal titer necessary for protective immunity [44] . Consistent with this, smallpox-specific memory B cells lasted for >50 years [45] .
Despite the enormous public health success of such vaccines, the mechanisms by which they stimulate such robust and long-lived immune responses remain unknown. In the case of YF-17D, a key question was whether the activation of several different TLRs [19] impacted the antibody responses induced by YF-17D in any way. Our results indicate that induction of antigen-specific antibody responses to YF-17D was severely impaired in mice deficient in MyD88 (unpublished observations). In order to assess the impact of triggering multiple TLRs on the adaptive immune response we designed a nanoparticle based vaccine, similar in size and composition to a virus. We synthesized nanoparticles roughly 300nM in diameter, using poly(D,L-lactic-co-glycolic acid) -a biodegradable synthetic polymer. These particles contained the TLR ligands MPL (TLR4), R837 (TLR7), or both ligands, together with an antigen, such as recombinant hemagglutinin from the H5N1 avian influenza strain. Immunization of mice with nanoparticles containing both TLR ligands induced synergistic increases in antigen-specific, neutralizing antibodies compared to immunization with a single TLR ligand. Strikingly there was enhanced persistence of germinal centers (GCs), similar to what has been previously reported with acute viral infections [46] , and unlike the relatively short lived response observed with immunization with protein antigens plus adjuvants such as alum [47] . Consistent with the long-lived germinal center responses, and given the critical importance of germinal centers in the differentiation of memory B cells and long-lived plasma cells, we observed persistent plasma cell responses, which persisted in the lymph nodes for >1.5 years. Surprisingly, there was no enhancement of the early short-lived plasma cell response, relative to that observed with single TLR ligands. Importantly, antibody responses were dependent on direct triggering of both TLRs on B cells and dendritic cells (DCs), as well as on T-cell help. Thus, activation of specific combinations of TLRs results in long-lived germinal centers and plasma cells responses. A key question here is whether TLR signaling modulates the function of B cells and other cells within germinal centers. Given that TLRs are expressed in germinal center B cells and on follicular dendritic cells, a key question is how TLR signaling in these cells modulates the germinal center reaction and the generation of memory B cells and long-lived plasma cells.
Since live viral vaccines persist at least for a few days after vaccination, it is conceivable that TLR ligands derived from such vaccines activate B cells or FDCs in nascent germinal centers to promote memory B cell formation. The extent to which such a mechanism involving the combinatorial activation of TLRs on both DCs and B cells, contributes to the longevity of the B cell response to YF-17D and other viral vaccines, such as the smallpox vaccine, remains to be determined.
In the case of the seasonal influenza vaccines, the extent to which antibody responses persist is less well studied. Possible exposure of vaccinees to influenza virus during the influenza season, as well as pre-existing antibodies from previous exposures renders it difficult to evaluate the persistence of antigen-specific antibody responses to vaccination. However, analysis of long lived plasma cells in the bone marrow that produce influenza specific antibodies in subjects that received the seasonal vaccine is currently underway (Rafi Ahmed -personal communication). A recent study of subjects vaccinated with TIV indicates that the number of influenza-specific T follicular cells (TFH) expressing the costimulatory molecule ICOS, as well as the chemokine receptor CXCR3 and CXCR5 in the blood, correlates with antibody responses [48] . These cells could induce memory B cells to differentiate into plasma cells [48] .
Insights into antigen-specific CD8+ T cell responses
Our understanding of CD8+ T cell responses to viral infections is based largely on experiments in mice. For example, infection of mice with the Armstrong strain of lymphocytic choriomeningitis virus (LCMV) or vaccinia virus results in acute viral infections, during which there is a massive activation and expansion of CD8+ T cells, with as much as 30-80% of the splenic CD8+ T cells being virus-specific, 8 days after infection [49] . At this time point, which is the peak of the response, the effector CD8+ T cells produce cytokines, proliferate rapidly and die rapidly through apoptosis. This causes a contraction of the virus specific CD8+ T cell population, in which the few surviving cells develop into long lived memory cells. In humans, CD8+ T cell responses have been studied extensively in chronic viral infections such as human immunodeficiency virus (HIV), cytomegalovirus (CMV), hepatitis C virus (HCV) and Epstein-Barr virus (EBV) [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] . The responses in such infections can be very robust, but the phenotype of the CD8+ T cells varies depending on the virus.
Recently Ahmed and colleagues have studied the CD8+ T cell responses to yellow fever and smallpox vaccination in humans [60] . Both vaccines cause acute viral infections in humans. Both vaccines induced a rapid expression of Ki-67+ CD8+ T cells which downregulated bcl-2 resulting in enhanced susceptibility to apoptosis [61] The activated human T cells also upregulated HLA-DR and CD38, so the rapidly proliferating CD8+ T cells expressed the phenotype Ki-67+ Bcl-2lo HLA-DR+ CD38+. Two weeks after vaccination with YF-17D, at the peak of the response, such cells constituted 2-13% of all CD8 T cells. In the case of Dryvax vaccination, the frequency of such cells was 10-40% of all CD8 T cells, 2 weeks after vaccination [61] . Subsequently over the next 2 weeks the CD8+ T cell population contracted more than 90-99% and gradually differentiated into long-lived memory CD8+ T cells [62] . There was minimal bystander expansion, and the breadth of the virus specific response induced by both vaccines was high, as judged by epitope mapping studies. Furthermore, tetramer-based analysis showed that vaccination with either vaccine resulted in the typical expansion, contraction and memory phase observed with experimental infections in mice. Despite a major contraction, tetramer-specific CD8+ T cells could be detected 1 year after vaccination and these cells were polyfunctional with respect to cytokine production [62] .
Insights into the potential mechanisms underlying severe adverse reactions
YF-17D has an excellent safety record, but in very rare cases (1 in 250,000 to 1 in 500,000), vaccinees develop serious, often fatal, adverse events [9, 22, 23] . One type of serious adverse event, the so-called neurotropic disease is caused by neuroinvasion of YF-17D and typically includes symptoms such as encephalitis, Guillain-Barré syndrome and autoimmune disease in the central or peripheral nervous system [9, 22, 23] . The other type of serious adverse event is viscerotropic disease, which causes a fulminant yellow fever infection of the liver and other visceral organs, is typified by multiple organ systems failure, similar to what has been observed during infection with the pathogenic virus [9, 22, 23] . High levels of yellow fever virus antigen can be found in the liver, heart and other organs, primarily in tissue-associated macrophages [9] [22] . The fatality rate for patients with viscerotropic disease is greater than 60%. Vaccinees with viscerotropic disease develop a high fever, malaise and myalgia, within 2 to 5 days post vaccination. This is followed by jaundice, oliguria, cardiovascular instability, haemorrhage, and renal and respiratory failure. The immunological mechanisms that result in serious adverse reactions remain unknown. It is likely that such events are not caused by gene mutations in YF-17D, as virus isolated from patients with serious adverse events had the same nucleotide sequence as the vaccine strain Host genetics may play a role. Given the critical role type I IFN signaling in controlling viral infections, it is possible that mutations in genes involved in this network render the host susceptible. Thus, vaccination of mice deficient in the type I IFN receptor developed infection and disease, displaying many of the features of viscerotropic disease, after vaccination with YF-17D [63] . Furthermore, a mutation in an allele of the gene encoding (Oas1b) encoding 2′,5′-oligoadenylate synthetase (OAS), an enzyme important in type 1 interferon-mediated innate immunity has been mapped to flavivirus susceptibility in mice. Consistent with this, in a collaborative study with Belsher et al [64] we found polymorphisms in Oas1 and Oas2 genes, in a 22 year old female who developed fatal viscerotropic disease. However, in a different case of viscerotropic disease in a 65 year old male, we found no such polymorphisms [65] , but rather polymorphisms in genetic polymorphisms in CC-chemokine receptor 5 and its ligand, CCL5 [65] . In this individual there were no polymorphisms in the genes encoding TLR3 or DC-SIGN, other genes known to be involved in sensing viruses. Interestingly, there were no polymorphisms in the genes encoding CCR5 or RANTES in the 22 year old female [64] . These results suggest that either: 1) that none of these polymorphisms are relevant to the disease, or 2) there are many different genetic polymorphisms that could result in viscerotropic disease. Evaluation of such polymorphisms in other viscerotropic cases, coupled with mechanistic studies using humanized mice that are reconstituted with hematopoietic cells from such patients may provide greater insights into the role of such genes in regulating viscerotropic disease.
The rarity of these cases, and the practical difficulties of obtaining blood samples at frequent intervals after vaccination and after the development of adverse symptoms poses challenges to performing studies. As such, only very few studies have begun to examine host responses during adverse reactions. In the aforementioned study involving the 64 year old male [65] , we could detect viral RNA in the blood 33 days after vaccination, in contrast to the rapid disappearance of virus by around 7 days post vaccination in healthy subjects. One hypothesis that could have explained the persistent viral loads was that there was suboptimal antibody responses and CD8+ T cell responses which lead to impaired viral clearance. However to our surprise, we observed robust and sustained antigen-specific CD8+ T and B cell responses, which suggested that persistent virus was not due to adaptive immunity of suboptimal magnitude. The genes encoding OAS1, OAS2, TLR3, and DC-SIGN, which mediate antiviral innate immunity, did not carry any SNPs. However, as stated above there were heterozygous genetic polymorphisms in chemokine receptor CCR5, and CCL5, which influence the migration of effector T cells and CD14+CD16bright monocytes to tissues [65] . Consistent with this, there was a 200-fold increase in the number of CD14+CD16bright monocytes in the blood during viremia and a 20-fold increase in these cells, even several months after virus clearance. Such cells are known to produce inflammatory mediators, and consistent with this, there were elevated levels of interleukin-1α (IL-1α), IL-6, CXCchemokine ligand 10, CC-chemokine ligand 2 (CCL2) and CCL5 [65] . These results indicate that in this patient, viscerotropic disease was not due to the impaired magnitude of adaptive immunity but rather due to potential anomalies in the innate immune system and a possible disruption of the CCR5-RANTES axis.
Novel biological hypotheses enabled by the systems vaccinology approach
The systems biological approaches to study vaccine responses have yielded a veritable treasure trove of data, and have enabled the creation of many exciting and novel hypotheses about the molecular mechanisms that regulate vaccine immunity. The experimental testing of several of these hypotheses in animal models is well underway, and are beginning to yield many novel and unexpected insights about mechanisms of immunity. Here we discuss five of these hypotheses.
Hypothesis 1: Viral induced integrated stress response in dendritic cells stimulate antigenspecific CD8+ T cells
In our systems biology studies to predict the immunogenicity of the yellow fever vaccine in humans [1] we identified transcriptional signatures in the blood, induced within a few days after vaccination that correlated with, and predicted the magnitude of the later CD8 + T cell response to the vaccine [1] . The gene signatures included solute carrier family 2, member 6 (SLC2A6), complement protein C1qB and eukaryotic translation initiation factor 2 alpha kinase 4-an orchestrator of the integrated stress response (Figure 3 ) [1] . EIF2AK4/GCN2 plays a critical role in the so-called integrated stress response [66] [67] [68] [69] and regulates protein synthesis in response to amino acid starvation, by phosphorylating elongation initiation factor 2α (EIF2α) (Figure 2 ) [66] [67] [68] [69] . The translation of house keeping mRNA is then stopped, and the untranslated mRNA are redirected from polysomes to small cytoplasmic compartments known as stress granules, for transient storage [66] [67] [68] [69] . Consistent with this, YF-17D induced the phosphorylation of EIF2α and the formation of stress granules ( Fig.  2AC and [1] ). EIF2AK4/GCN2 kinase is but one of several related sensors that mediate cellular responses to stress. Other members of this family include EIF2AK2/PKR, EIF2AK1/HRI and EIF2AK3/PERK (Figure 2) . These sentinel molecules are activated in response to dsRNA [70] , depletion of heme [71] [72] [73] , and the overabundance of misfolded/malfolded proteins in the endoplasmic reticulum [74] . All four of these kinases have a common target, and phosphorylate eIF2alpa on Ser51 (Figure 3 ). Due to the integration of the signals from diverse physiological stimuli through the same factor, the four pathways are collectively referred to as integrated stress response [75] [76] [77] . Activation of this pathway impacts diverse physiological processes, including regulation of cell lineage-specific differentiation [78] , metabolic adaptation [75, 79, 80] , cell death [81] and organ homeostasis [82] . While the heme-sensing pathway is of particular relevance in maturing erythroid cells [78] , sensing of dsRNA and ER stress have an immediate effect on the regulation of inflammatory response [83] and dictate the decision between metabolic adaptation and apoptosis in the affected cells [84] .
Recent work has shown an antiviral effect of EIF2AK4 against RNA viruses [66] [67] [68] [69] but the effect of this factor on adaptive immune responses is not known. This prompted us to further investigate the role of EIF2AK4 and the integrated stress response in the immune reaction to YF-17D. Our experimental studies suggest a critical role for GCN2 in programming DCs to stimulate antigen-specific CD8 + T cell response to YF-17D vaccination (Nair et almanuscript in preparation). This work reveals a previously unknown function of GCN2 pathway to vaccine-induced immunity.
Hypothesis 2: Intestinal microbiota regulates vaccine immunity
One of the intriguing molecular signatures uncovered through the use of systems biology in human vaccine studies with the seasonal TIV is a cluster of genes associated with and including TLR5 [3] . Our study found that the expression of TLR5 within a few days after vaccination was strongly correlated to the magnitude of the HAI titers 4 weeks after vaccination. Given that TLR5 is known to be a sensor of bacterial flagellin and is not thought to be involved in sensing viruses, this was a surprising observation. The influenza vaccine itself does not appear to trigger TLR5 signaling directly (unpublished data). Thus, it raises the possibility that other ligands for TLR5, such as those derived from the commensal flora, may be contributing to vaccine responses in humans. Studies focusing on this and other possibilities are currently underway and already suggest a critical role for the intestinal microbiota in influencing adaptive immunity to vaccination (Oh et al -manuscript in preparation).
The human commensal flora is composed of diverse and complex communities of microorganisms. They inhabit barrier surfaces of major organs (e.g. skin) and tissues (e.g. gastrointestinal tract) and have evolved beneficial properties for the host that permits a symbiotic relationship to be maintained with the host (reviewed in [85] ). Recently, the notion that the host microbiota, in particular those residing in the gastrointestinal tract, can shape immune responses at other sites has begun to emerge. In the context of influenza A virus infection, Ichinhoe et al. have shown that neomycin-sensitive bacteria in the gut impacts the virulence and the capacity to which the host immune system mounts immune responses in the respiratory tract [86] . Similarly, others have shown that immune function can be compromised not only in local mucosal tissues [87] [88] [89] , but also systemically as was demonstrated in a model of LCMV infection [90] . Thus, the absence or dysbiosis of microbiota can invoke critical changes to the host immune system. It is also clear, however, that microbial signals from the gut are not the only factors contributing to proper immune function. Naik et al. recently demonstrated that skin-resident microorganisms play crucial roles in inflammation and T cell responses of the skin [91] . Thus, the growing body of literature indicates that the microbiota affects immune function in multiple tissues and organs. Importantly, these emerging evidence support the possibility that microbiota can serve critical roles during vaccine-induced immune responses. The data generated from our clinical studies suggest that sensing of flagellated bacteria is one key component of the microbiota's capacity to provide crucial signals necessary for efficient priming of adaptive immunity.
The possibility that the microbiota plays a role in immune responses to vaccines certainly bears major implications for global public health. Our analyses predict that the status of the host microbiota may be a critical determinant of vaccine efficacy. Currently, there is no information in both humans and animal models whether the microbiota impacts the magnitude and/or quality of vaccine-induced immune response. Examining the relationship between microbiota and vaccine efficacy is a novel concept, and understanding how such a phenomenon operates is a critical field to study. Specifically, how the microbiota may be regulating immune responses to parenterally administered vaccines remains unclear, and current studies in our lab are addressing the potential mechanism underlying this phenomenon.
Hypothesis 3: Calcium/calmodulin-dependent protein kinase IV (CaMKIV) is a regulator of antibody responses to vaccines
The clinical study with the seasonal TIV has revealed an intriguing molecular signature associated with one of the most fundamental element of cellular processes, calcium signaling [3] . In the study, we observed an inverse correlation between the early expression of the gene encoding calcium/calmodulin-dependent protein kinase IV (CaMKIV), and the later hemagglutinin titers to influenza vaccination. Specifically, the change in expression of the CaMKIV gene on day 3 post vaccination was negatively correlated with the magnitude of antibody response on day 28 as well as with an expanding population of IgG-secreting plasmablasts on day 7 post vaccination. This observation led us to hypothesize that CaMKIV may function as a negative regulator of antibody response to influenza vaccination. Results obtained from a comparison of vaccine responses in wild type and Camk4 −/− mice indeed support this hypothesis as the antibody responses were significantly higher in the absence of CaMKIV expression [3] . CaMKIV is a serine/threonine kinase, which belongs to a family of calcium/calmodulin-dependent kinases. Although other members in this family of kinases, such as CaMKI and CaMKII, are ubiquitously expressed, CaMKIV is predominantly expressed in cells of the nervous system and the immune system [92, 93] . Specialized function of CaMKIV has previously been ascribed to neural activity and long-term memory -neural memory that is, and not immune memory. Thus, the role of CaMKIV in regulating immunity is poorly understood. Previous studies suggest that CaMKIV is involved in several processes across multiple cell-types, such as regulating survival of hematopoietic progenitor cells [94] , thymic selection [95, 96] , and inflammatory responses [97] . Some reports have indicated a possible role of CaMKIV in mediating activation of CD4 T cells and survival of DCs [95, 97] . Consistent with these observations, downstream targets of CaMKIV such as CREM and CREB have been observed at elevated levels in SLE patients [98] . Thus, existing evidence in literature points to a positive role of CaMKIV in immune cell activation. Our studies suggest that CaMKIV may exert a suppressive effect on the immune response. Our current studies are examining whether function(s) of CaMKIV is cell-type specific and/or influenced by the properties of the antigen or the context in which it is encountered (ie. adjuvant, PAMPS, etc).
Hypotheses 4: Role of TNF Super Family and TNF-R Super Family in Programming of B Cell Fates
In our previous study with the yellow fever vaccine, a striking correlation was found between the expression of several genes belonging to the TNF superfamily and antibody titers following vaccination against the yellow fever vaccine, YF17D [1] . We have since found correlations also evident following vaccination against the seasonal influenza [3] . Specifically, our data show that expression levels of TNFSF13 (APRIL), TNFSF13B (BAFF), and their receptors TNFRSF17 (BCMA) and TNFRSF13B (TACI) all strongly correlate with the magnitude of the antibody response. These molecules are known for their roles in not only the development of B cells, but maturation and differentiation affecting multiple aspects of the humoral immune response. BAFF-deficient mice lack follicular B cells [99] , and conversely exogenous BAFF has been demonstrated to induce expansion of B2 and marginal zone B cells in vivo [100] . Subsequent studies have since identified more specific roles of BAFF and other members of this superfamily, which include germinal center reactions [101] [102] [103] , class switch recombination [104] , and plasma cell differentiation [105] . However exactly if and how these molecules regulate the generation of short lived plasma cells, (which largely contribute to influenza specific antibody titers measured 28 days after vaccination), versus long lived plasma cells (which likely contribute to yellow fever specific neutralizing antibody responses measured months to a year later), and B cell memory is unknown. It is possible that these molecules differentially regulate short-lived versus long lived antibody responses. Experiments are currently underway to test these hypotheses.
Hypothesis 5: Role of 'unfolded protein response' in vaccine immunity
In our analyses of the transcriptional signatures induced by TIV, we found a striking correlation of adaptive immune responses [3] to the early expression of genes encoding PKR-like ER kinase (EIF2AK3/PERK) [19] . In addition, meta-analysis of the collection of genes whose expression changes in response to the TIV vaccine revealed a significant group of coordinately regulated genes involved in the unfolded protein response [3] . Taken together, these data prompted us to investigate the role of PERK, in the shaping of the innate and adaptive immune responses.
PERK is a sensor of endoplastic reticulum (ER) stress most notably invoked during periods of rapid and high levels of protein synthesis [106] . If the rate of protein synthesis exceeds the rate of proper folding and post-translational modifications, proteins remain in unfolded form and may result into accumulation inside the cell. Under normal condition these unfolded proteins are guided back to the cytoplasm for degradation through ER-associated ubiquitin/proteasome degradation (ERAD) pathway [107] . However, under certain conditions as well as certain cells types with secretory functions, misfolded proteins often accumulate inside the cells due to higher rate of protein translation causing ER stress and subsequent activation of unfolded protein response (UPR) [108, 109] . PERK is one of three critical mediators of the UPR pathway (others being ATF6p90 and IRE1) [110, 111] . These conditions are likely to manifest during periods rapid cytokine/chemokine production such as those occurring in dendritic cells as well antibody production in activated B cell subsets. Thus, understanding how the gene products of these early molecular signatures contribute to the adaptive immune response will be critical to understanding determinants of vaccine efficacy.
Perspectives Data >>> Knowledge >>> Understanding
Studying immune responses to vaccination in humans is beginning to yield many important insights into viral immunity. Several major challenges remain [112] . A systems vaccinology study generates a multidimensional dataset. Data on changes in expression levels of thousands of genes are collected, and genes are sorted and binned according to the correlations between changes in their expression level and cellular or humoral responses (Figure 1 ). Over the coming years, several such studies will be done, and will generate mountains of data. The single most important challenge is how to go from data to knowledge to understanding. Several issues need to be considered. First, how can we validate the biological role of identified genes and reconstruct the chain of events leading to the altered transcriptional activity of genes of interest? Second, apparent transcriptional changes can be caused by either changed transcriptional activity of a gene, or changes in frequency of the cell subtype in which the gene is expressed; we need to have a tool at our disposal that would enable us to trace the transcript frequency to the cell type. Third, how can we integrate the knowledge obtained in previous transcriptomic studies of the immune system in order to functionally validate the regulated genes? The first problem concerns hypothesis validation. The latter two problems are united by the common theme of hypothesis generation. The twin aspects of hypotheses generation and hypotheses validation represent the key issues in systems approaches to biological sciences in general.
Several examples of hypothesis building and testing have been illustrated in this review. The hypotheses that led to the unfolding of these stories were created by an iterative process involving: a) observed correlations between gene expression and immune outcome; b) applying biological intuition and literature survey to the observed correlations in order to generate plausible and interesting hypotheses; c) initial experimental verification of the first tenets of hypotheses; d) and if the initial experiments yielded interesting leads, then deeper experimental verification of the hypotheses. While these approaches proved to be effective tools in hypothesis building and validation, they do not exhaust the potential for data mining contained within the systems biology data. How can we accelerate this process? One approach is through the integration of multiple lines of evidence obtained through independent technologies (reviewed in [113] ). For example, Amit at al [114] have identified a transcription regulation network mediating TLR signaling in mouse dendritic cells. Starting off with the genomewide transcriptional profiling of cells treated with TLR ligands, the authors identified 144 candidate regulatory factors whose expression tracked with that of blocks of co-expressed genes. Knocking down the expression of these putative regulators by siRNA, the authors identified key transcriptional regulatory cascades responsible for antiviral and inflammatory reactions precipitated by TLR ligation. In this example, high throughput studies were supplemented by a gene-by-gene functional validation assays using the RNA interference technology. This technology provides an ultimate functional validation tool as it allows to rapidly and specifically decrease the mRNA level of target genes and monitor the resulting phenotype. An important step that brings this methodology into the field of -omics studies is the development of large scale shRNA libraries [115] . Several commercial and not-for-profit (The RNAi consortium at Broad Institute, http:// www.broadinstitute.org/rnai/trc ) institutions have developed such libraries. These libraries can be readily utilized to validate the role and function of nearly each one of the genes that are identified in the clinical studies. Such approach holds promise for the development of systems vaccinology. Following the systems vaccinology study in human cohort, specific roles of candidate genes and interactions can be investigated in a cell culture model of relevant cell types. Complementing the high-throughput tanscriptomics data with cell-based assays such as M2H, or other -omics data, such as phosphoproteomics, will guide the selection of the selection of targets for siRNA knockdown [116] .
Even though the field of systems vaccinology is still in it's formative stage, it has already provided insights into the sequence of molecular events leading to successful vaccination, allowed to develop early predictive markers of vaccine efficacy, and generated leads into several novel projects increasing our understanding of the vaccine perception by a human organism. Further expansion of the arsenal of available tools and integration of expertise of multiple research groups paves the way the development of novel principles guiding rational vaccine development. Systems biological approach to identifying molecular signatures of vaccination in humans. High throughput techniques such as transcriptomics (RNA-seq; microarrays), proteomics, CyTOF, luminex and metabolomics can be used to detect molecular signatures induced early after vaccination. Bioinformatics analyses of the data generated can be used to determine signatures that correlate with the ensuing adaptive immune response or protective immunity. The robustness of such signatures, and their ability to predict the immunogenicity and protective immunity to vaccination, can be tested in an independent "test trial," (Trial 2).
Figure 2. Innate and adaptive responses to the live attenuated yellow fever vaccine YF-17D
Vaccination with YF-17D results in an acute viral infection during which viral replication peaks between days 5 and 7 becomes undetectable by 14 days post vaccination. Vaccination rapidly induces IgM neutralizing antibody titers which peak at 2 and then decline, but can be detected for as long as 18 months post vaccination. Virus-specific IgG neutralizing antibody titers develop more slowly and can persist for up to 40 years. Vaccination induces virusspecific CD8 + T cell responses, which develop rapidly after immunization, peaking at day 15 (with roughly 2-13% of CD8 + T cells being activated at day 15) but reaching near baseline levels by day 30. Vaccination also induces a mixed Th1 and Th2 CD4 + T cell response. A robust innate response develops within hours and seems to persist for more than 15 days, likely caused by persisting viral replication in the blood, during the first 7 days or so. YF-17D activates multiple subsets of DCs via several different PRRs. This results in a mixed Th1/Th2 response, and may also impact the persistence of the antibody response. YF-17D also activates mammalian target of rapamycin (mTOR) in plasmacytoid DCs, via a mechanism dependent on TLR7, and this leads to phosphorylation of interferon regulatory factor 7 (IRF7). This results in induction of IFNα which activate CD8 + T cells.
Figure 3. The integrated stress response
Mammalian cells have evolved at least four different sensors that can detect environmental stresses of various kinds. GCN2 (EIF2AK4) senses changes in amino acid concentrations, PKR senses viral infections, HRI senses heme deprivation oxidative stress and heat shock and PEK or PERK senses endoplasmic reticulum stress. Activation of any one of these sensors results in the phosphorylation of eIF2α, which leads to the shut down of housekeeping mRNA, and their compartmentalization in stress granules in the cytosol.
